Abstract. Our aim is to develop and optimize a model for a dielectric barrier discharge used as a chemical reactor for gas treatment. In order to determine the optimum operating conditions, we have studied the influence of the gas flow rate, reactor geometry and applied voltage parameters on the discharge characteristics.
Introduction
Chemical treatment of gases and liquids, as well as surface treatment, are some of the industrial applications of atmospheric pressure dielectric barrier discharges (DBDs). They are also efficient generators of atoms, free radicals and chemically active species [1] . One of their main advantages is that due to the non-thermal character of DBDs, they operate at room temperature while the electrons are still highly energetic. This enables reactions that thermodynamically would not occur at such low gas temperatures and it can make DBDs efficient plasma-chemical reactors.
The average energy of the electrons generated in DBDs, as well as the discharge characteristics in general, strongly depend on the gap width, the applied frequency, the power input, the type of carrier gas and the type of dielectric used. Our aim is to develop a model for a dielectric barrier discharge used as a flowing chemical reactor for gas treatment. Due to small dimensions of DBD setups, plasma diagnostic studies are not easy and numerical modeling is very important for understanding the discharge behaviour. In the present paper, in order to determine the optimum operating conditions, we discuss some aspects of the influence of the gas flow rate, reactor geometry and applied voltage parameters on the discharge characteristics. In Section 2 the numerical model and the basic equations are given. A short description of the setup under consideration and the operating conditions is in Section 3. In Section 4, results obtained in the numerical modeling are presented. Finally, conclusions are in Section 5.
Numerical model
For this purpose, a two-dimensional time-dependent fluid model for an atmospheric pressure DBD, as a part of the Plasimo code [2] , has been applied. It was originally developed by Hagelaar for a DBD used in plasma display panels [3] and later transformed and extended by Brok and van Dijk, and integrated into the Plasimo code [4, 5] .
Basic equations
The model is based on the continuity equations and equations of motion for each type of particles treated:
and
where the subscript α denotes the type of species. v b is background flow velocity and all the other symbols retain their conventional meaning. Note that the mobility is taken as a positive value for the positive ions and a negative value for the electrons (and negative ions, if included in the model). For the neutral species, the first term in Eq. 2 is zero. For the electrons an energy-balance equation is also solved:
whereε is the mean electron energy and Γε is the electron energy flux density given by [6] :
Note that the energy changes are usually a loss of energy (i.e. ionization and excitation) but a gain of energy can occur as well as a result of superelastic collisions. For the ions and neutral species no energy-balance equation needs to be included, because these species can be regarded as being at the same energy (temperature) as the background gas. The gas temperature is assumed to be 300 K, uniformly distributed over the discharge. Moreover, for these species, the local field approximation can be used, i.e. the mobility and diffusion coefficients of the heavy particles are taken to be functions of the local reduced electric field (local field divided by pressure). The values used are taken from Ref. [7] . In order to obtain a self consistent electric field distribution the Poisson equation:
is solved as well, not only within the plasma but also inside the dielectrics, where it is reduced to ∇ E = 0 because no species are present inside the dielectrics. 
Gas flow
The gas flow is incorporated in the flux equations as a source term (the third term on the right side of Eq. 2) [8] . The fundamental assumption in the model is that the plasma does not influence the flow. This allows us a separate numerical treatment of the background gas flow and use the results as input for the plasma calculation.
On the other hand, the flow influences the plasma as a momentum source for the species. This momentum source enters in the drift-diffusion equations. This effect is particularly important for the neutral species, as there are no electric forces to modify their speed.
The gas convection velocity is calculated using the commercial computational fluid dynamics code Fluent [9], i.e., by solving the conservation equations for mass, momentum and energy. The solution was considered to converge when the residuals of the guiding equations have become smaller than 10 −6 .
Modeling chemistry
The model is applied here to a DBD in helium with 100 ppm nitrogen impurity. The species included in the model are the background gases He and N 2 , electrons, He + , He ions, He 2 excimer, and He atoms excited to the metastable levels.
For most of the electron-induced processes the reaction rates are calculated on the basis of energy-dependent cross-sections, and with a separate program, called BOLSIG+, which is based on a Boltzman equation [10] . This program is applied for a wide range of different, fixed reduced electric fields. For each value of the reduced electric field the average electron energy, the mobility of the electrons, and the rates of the different electron-induced processes are tabulated. By use of these tables, the rates, mobilities, and diffusion coefficients (derived from the mobilities using the well-known Einstein relationship, assuming the bulk electrons are Maxwellian), will be applied corresponding to the electron energy calculated with the above electron-energy-balance equation. Details about the chemistry model and the reactions taken into account can be found in [11] - [13] .
The effect of charge accumulation on the dielectric materials is also considered. The boundary conditions of the electrons are largely determined by secondary electron emission from the ions. Following the procedure of Hagelaar et al. [14] we use a constant secondary-electron emission coefficient of 0.05 for the helium ions and 0.001 for nitrogen ions and also consider that this ion-induced secondary-electron emission produces electrons with a mean initial energy of 4 eV. Reflection at the walls is neglected and electron desorption from the dielectrics is not considered, because it has been stated [15] that the latter process is very unlikely to happen.
The equations (1)- (5) are solved within the same time-step by the so-called modified strongly implicit method, developed by Schneider and Zedan [16] , and using an extra stabilization method, as explained elsewhere [3] , until convergence is reached within every time-step of the periodic cycle, and periodic behaviour over the discharge cycles is obtained.
Setup and conditions
The model was applied to a cylindrical DBD reactor consisting of two coaxial stainless steel electrodes with 2 mm thick alumina as a dielectric on the inner side of the outer electrode, as illustrated schematically in Fig. 1 . The gap width is varied from 0.7 mm over 1.5 mm to 3 mm by changing the diameter of the inner tube. The length of the reactor is kept fixed at 9 cm and the outer diameter is 3 cm. A sine shaped high voltage is applied on the inner electrode whereas the other electrode was grounded. As it is already mentioned, we applied the model to a helium DBD with nitrogen impurity at atmospheric pressure and temperature 300 K. 
Results

Discharge characteristics
The plasma characteristics have been studied in terms of applied voltage amplitude and frequency, and geometrical effects. The influence of the gap width on the electron number density is shown in Fig. 2 . It can be seen that at 20 kHz and 20 kV applied voltage a decrease of the gap width leads to an increase of the electron number density in the system (see Fig. 2a ), as has been experimentally observed as well [17] - [19] . The highly energetic electrons will lead to the generation of some highly active species including radicals that is very desirable for the purpose of a chemical reactor for gas conversion. However, applying different voltage characteristics (i.e., voltage amplitude and frequency) this regular behaviour can change, as can be seen in Fig. 2b . In this particular case, when the applied voltage frequency and amplitude are 75 kHz and 10 kV, respectively, the highest electron number density is for 1.5 mm gap distance. The spatially averaged total electric currents as a function of time for different values of applied potential amplitude and frequency are shown in Fig. 3 . A clear transition from one narrow peak, over multipeak to a broad profile can be seen. The total current consists of discharge and displacement currents and when the discharge component is dominant narrow peaks will appear (see Fig. 3a ) that is usually reported in the literature [20] - [23] . Increase of the voltage amplitude might cause a multibreakdown in the system and produce a multipeak current profile (see Fig. 3b ). On the other hand, increase of the applied frequency leads to an increase of the displacement current and broadening of the current peaks. In Fig. 3c a clear superposition of the displacement current (sine shaped profiles) and the discharge current (narrow peaks) is seen. Further increase of the applied voltage frequency and amplitude will cause that the displacement current becomes dominant and the total current profile becomes very broad, with an almost sine shaped profile (see Fig. 3d ).
Gas flow effect
The adjustment of flow rate allows the creation of uniform DBDs with optimized input power while a lower breakdown electric field is required [24] . Transition from a streamer discharge to a silent glow discharge due to the presence of a flow in the system is also reported in Ref. [25] . An increase of species fluxes (except for the electrons) due to convection in a Grimm-type glow discharge is shown in Ref. [26] . For gas conversion applications it has been observed that the increase of the gas flow rate reduces the conversion and decreases the yields. On the other hand, the effect of the flow rate on product selectivity depends on the particle type [27] - [29] .
As it is already mentioned, the gas convection velocity was calculated using the Fluent code [9] . The feed gas is usually introduced into the reactor via a mass flow controller. Because of this, the mass flow at the reactor inlet was given as a boundary condition in the background gas flow velocity calculations. The flow was considered to be laminar and a steady state was assumed.
For a mass flow rate of 5 l/min, the calculated axial velocity profile at z=4.5 cm, as a function of radial position (i.e., in the gap between both concentric electrodes), is shown in Fig. 4 . The flow velocity reaches a maximum (around 2.2 m/s) in the middle of the gap. At the walls, the flow velocity becomes zero due to the viscous drag. The radial component of the velocity is calculated to be negligible compared to the axial one and it is taken to be zero in further calculations. A two dimensional velocity profile in the total reactor (axial symmetry is assumed) and a zoomed in profile are shown in Fig. 5 . The calculated background gas convection velocity is used as input in the 2D fluid model. The radial and axial flux of the He 2 species with gas flow in the system at the maximum gas velocity (r=0.0121 cm, z=4.5 cm) are shown in Fig. 6a and Fig. 6b , respectively. The radial flux of the He 2 species without gas flow at the same position is shown in Fig. 7a . As can be seen (compare Fig. 6a and Fig. 7a) , there is no influence of the convection on the flux in the radial direction, which is expected since the radial component of the gas flow is negligible. On the other hand, without gas flow in the system, there was no flux of He 2 species in the axial direction. However, Figure 5 . Contours of velocity magnitude (in [m/s]) in the total reactor and zoomed in view of the gap. The mass flow rate is 5 l/min. The gap width is 0.7 mm, the length is 9 cm, the diameters of outer and inner electrode are 30 mm and 24.6 mm, respectively, and the dielectric thickness is 2mm. introduction of a flow of 5 l/min gives rise to an axial flux, which is one order of magnitude higher than the radial one (see Fig. 6b ). A similar influence of the gas flow can be observed on a) 
Conclusions
We have presented the influence of the gas flow rate, reactor geometry and applied voltage parameters on the discharge characteristics of a cylindrical DBD in helium with nitrogen impurity. This study shows that discharge voltage and frequency effects have a large impact on the electric current profiles, which can range from one narrow peak, over multipeak to a broad profile. A decrease of the gap width leads to an increase of the electron number density, while applying a higher voltage frequency can change this regular behaviour. A gas flow rate in the system causes appearance of the axial fluxes of neutral species, as well as of ions, while the radial fluxes remain unchanged. 
